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(57) The present invention provides a system for 
treating a vascular condition, including a catheter 110, 
a stent 1 20 coupled to the catheter, a drug-polymer coat- 



ing 122 on the stent including a grafted styrenic block 
copolymer, and at least one bioactive drug dispersed 
within the drug-polymer coating. 
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Description 

FIELD OF THE INVENTION 

[0001] This invention relates generally to biomedical 
stents. More specifically, the invention relates to a drug- 
polymer coating comprising a pegylated styrenic block 
copolymer with a dispersed bioactive drug on an en- 
dovascular stent for in vivo, timed-release drug delivery. 

BACKGROUND OF THE INVENTION 

[0002] Stenting procedures have had major impact on 
the field of interventional cardiology and endovascular 
surgery. Yet, in-stent restenosis and the increasing 
number of stent-induced lesions and neointimal forma- 
tion that parallel the number of surgical procedures taint 
the success of stenting procedures. Much medical re- 
search and development in the last decade has been 
dedicated to stents, and in the most recent years, to 
drug-eluting coatings for stents. The efficacy of vascular 
stents is potentially increased by the addition of stent 
coatings that contain pharmaceutical drugs. These 
drugs may be released from the coating while in the 
body, delivering their patent effects at the site where 
they are most needed. Thus, the localized levels of the 
medications can be elevated, and therefore potentially 
more effective than orally- or intravenously-delivered 
drugs that distribute throughout the body, the latter 
which may have little effect on the impacted area, or 
which may be expelled rapidly from the body without 
achieving their pharmaceutical intent. Furthermore, 
drugs released from tailored stent coatings may have 
controlled, timed-release qualities, eluting their bioac- 
tive agents over hours, weeks or even months. Several 
classes of drug-polymer chemistries have been ex- 
plored for use in stent coatings as found in current art. 
A composition with a bioactive agent for coating the sur- 
face of a medical device based on poly (alkyl) (meth) 
acrylate and poly(ethyline-co-vinyl acetate) is described 
in "Bioactive Agent Release Coating," Chudzik, et al., 
US patent number 6,214,901 , issued April 10, 2001 . A 
composite polymer coating with a bioactive agent and 
a barrier coating formed in situ by a low energy plasma 
polymerization of a monomer gas is described in "Poly- 
meric Coatings with Controlled Delivery of Active 
Agents," K. R. Kamath, publication WO 00/32255, pub- 
lished June 8, 2000. A polymeric coating for an implant- 
able medical article based on hydrophobic methacrylate 
and acrylate monomers, a functional monomer having 
pendant chemically reactive amino groups capable of 
forming covalent bonds with biologically active com- 
pounds, and a hydrophilic monomer wherein a biomol- 
ecule is coupled to the coated surface, is presented in 
"Implantable Medical Device," E. Koulik, et al., US pat- 
ent number 6,270,788, issued Aug. 7, 2001. Use of 
block copolymers on a hydrophobic polymer substrate 
is described in "Biocompatible Polymer Articles," E. 



Ruckenstein, et al., US patent number 4,929,510, is- 
sued May 29, 1990. A method for the columetic inclusion 
and grafting of hydrophilic compounds in a hydrophobic 
substrate using an irradiation means is described in "Hy- 

5 drophobic Substrate with Grafted Hydrophilic Inclu- 
sions," G. Gaussens, et al., US patent number 
4,196,065, issued Apr. 1, 1980. 
In selecting polymers for drug delivery, three important 
criteria must be met: polymer biocompatibility, satisfac- 

10 tory mechanical properties such as durability and integ- 
rity during roll down and expansion of the stent, and cor- 
rect release profiles for the drugs. Candidate chemis- 
tries for drug polymers may result in an excessively rap- 
id elution of an incorporated drug. When a drug is eluted 

15 too quickly, it may be ineffective and possibly toxic. If a 
drug is eluted too slowly, the pharmaceutical intent may 
remain unfulfilled. Furthermore, incorporation of more 
than one drug in the same coating can result in a much 
faster elution rate than a second drug in the same drug 

20 polymer, making the controlled delivery of multiple drugs 
difficult. Even pharmaceutical compounds with nearly 
the same pharmaceutical effect can have dramatically 
different elution rates in the same coating chemistry, de- 
pending on the formation of the compounds. 

25 [0003] Unfortunately, some drug polymers do not pro- 
vide the mechanical flexibility necessary to be effective- 
ly used on a stent. A stent may be deployed by self- 
expansion or balloon expansion, accompanied by a high 
level of bending at portions of the stent framework, 

30 which can cause cracking, flaking, peeling, or delami- 
nating of many candidate drug polymers while the stent 
diameter is increased by threefold or more during ex- 
pansion. The candidate drug polymer may not stick or 
adhere, or it may elute its pharmacologically active con- 

35 stituents too slowly or too quickly, possibly in a toxic 
manner. If a drug is eluted too slowly, then its intended 
effect on the body could be compromised. Furthermore, 
the coating may fall off, crystallize or melt during prep- 
aration and sterilization prior to deployment, further lim- 

40 iting the types of drug polymers acceptable for use on 
cardiovascular stents. 

[0004] It is desirable to have a drug-polymer system 
that can be tailored to provide a desired elution rate for 
a specific drug. It would be beneficial to have a drug- 

45 polymer system that can be tailored to accommodate a 
variety of drugs for controlled time delivery, while main- 
taining mechanical integrity during stent deployment. A 
polymeric system that can be readily altered to control 
the elution rate of interdispersed bioactive drugs and to 

50 control their bioavailability is of further benefit. 

[0005] It is an object of this invention, therefore, to 
provide a convenient, flexible and biocompatible poly- 
mer chemistry for drug-polymer coatings. It is a further 
object to provide a system for treating heart disease and 

55 other vascular conditions, to provide methods of manu- 
facturing drug-polymer coated stents, and to overcome 
the deficiencies and limitations described above. 
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SUMMARY OF THE INVENTION 

[0006] One aspect of the invention provides a drug- 
polymer coated stent, comprising: 

a stent framework; and 

a drug-polymer coating disposed on the stent 
framework, wherein the drug-polymer coating com- 
prises a styrenic block copolymer grafted with pol- 
yethylene glycol; and 

a bioactive drug dispersed within the drug-polymer 
coating. The drug-polymer coating includes a 
pegylated styrenic block copolymer matrix. The 
pegylated styrenic block copolymer matrix compris- 
es a styrenic block copolymer with polymeric grafts 
of polyethylene glycol. The pegylated styrenic block 
copolymer matrix preferably provides a controlled 
drug-elution characteristic for each interdispersed 
bioactive drug. 

[0007] Another aspect of the invention is a method of 
manufacturing a drug-polymer coated stent comprising 
forming a pegylated styrenic block copolymer solution, 
forming polymeric grafts of polyethylene glycol along the 
styrenic block copolymer, mixing at least one bioactive 
agent in the solution to form a drug-polymer solution, 
applying the drug-polymer solution onto a stent frame- 
work, and drying the drug-polymer solution. 
[0008] Another aspect of the invention provides a sys- 
tem comprising a catheter and such a drug-polymer 
coated stent. The chain length of the block copolymer, 
the chain length of the polyethylene glycol grafts, and 
the polyethylene glycol graft density are preferably 
based on a predetermined elution rate of the bioactive 
drug. 

[0009] The invention may be used for treating a vas- 
cular condition. A drug-polymer coated stent is inserted 
within the body, wherein the drug-polymer coated stent 
includes a bioactive agent and a styrenic block copoly- 
mer grafted with polyethylene glycol. The elution rate of 
the bioactive agent into the body is controlled in part by 
the grafted styrenic block copolymer. The grafted sty- 
renic block copolymer is selected based on a predeter- 
mined elution rate of the bioactive agent. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] The present invention is illustrated by the ac- 
companying drawings of various embodiments and the 
detailed description given below. The drawings and pre- 
ferred embodiments described should not be taken to 
limit the invention to the specific embodiments, but are 
for explanation and understanding. The detailed de- 
scription and drawings are merely illustrative of the in- 
vention rather than limiting, the scope of the invention 
being defined by the appended claims and equivalents 
thereof. The foregoing aspects and other attendant ad- 
vantages of the present invention will become more 



readily appreciated by the detailed description taken in 
conjunction with the accompanying drawings, wherein: 

FIG. 1 is an illustration of one embodiment of a sys- 
5 tern for treating a vascular condition including a 
catheter, a stent, and a drug-polymer coating in- 
cluding at least one bioactive agent disposed on the 
stent, in accordance with the current invention; 
FIG. 2 is a cross-sectional view of one embodiment 
10 of a drug-polymer coated stent, in accordance with 
the current invention; 

FIG . 3 is a schematic illustration of a grafted styrenic 
block copolymer, in accordance with the current in- 
vention; 

FIG. 4 is a graphical illustration of drug elution from 
a drug-polymer coated stent with two bioactive 
agents, in accordance with the current invention; 
FIG. 5 is a flow diagram of one embodiment of a 
method of manufacturing a drug-polymer coated, 
20 stent, in accordance with the current invention; and 
FIG. 6 is a flow diagram of one embodiment of a 
method of treating a vascular condition, In accord- 
ance with the current invention. 

25 DETAILED DESCRIPTION OF THE PRESENTLY 
PREFERRED EMBODIMENTS 

[0011] In one embodiment of the present invention, 
modified styrenic block copolymers provide tailored 

30 drug-release attributes for drug-polymer coated stents. 
The modified styrenic block copolymers are combined 
with interdispersed bioactive agents and used as coat- 
ings on vascular stents and other blood-contacting im- 
plements. The modified copolymers are mixed with one 

35 or more pharmaceutical drugs, the copolymer modifica- 
tions controlling the elution rate of the drugs from the 
coated stent into the body. 

[0012] Styrenic block copolymers such as Kraton® 
resins are thermoplastic elastomers with styrene end 

40 blocks and saturated or unsaturated mid-blocks. In 
terms of molecular structure, Kraton® resins are anion- 
ically polymerized block copolymers with hydrophobic 
and hydrophiiic phase separation properties. Styrenic 
block copolymers such as Kraton-G® or Kraton-D® pro- 

45 vide coatings with good overall property balance, parr 
ticularty with respect to durability and drug elution. Kra- 
ton® polymers such as Kraton-G® and Kraton-D® are 
manufactured by Kraton Polymers® of Houston, TX. 
Kraton-G® polymers have a saturated mid-block such 

so as an ethylene and butylene randonvcopolymer (SEBS) 
or an ethylene and propylene chain (SEPS), Kraton-D® 
polymers have an unsaturated rubbery mid-block such 
as butadiene (SBS) or isoprene (SIS). The rubbery mid- 
blocks offer good impact resistance properties at low 

55 and ambient temperatures. The relatively low glass tran- 
sition temperature (T g) also gives better adhesive prop- 
erties and relatively fast drug release. In addition, Kra- 
ton® resins have very good compatibility with a wide 
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range of polymers to allow combinations of properties 
that could not be achieved otherwise. 
[0013] Styrenic block copolymers may be modified 
with bio-friendly polymers like polyethylene glycol 
(PEG). The PEG component offers a highly biocompat- 
ible system to the tissues and cells surrounding an im- 
planted stent. Grafts of polyethylene glycol may be at- 
tached along the styrenic block copolymer. The grafts 
provide a pronounced hydrophilic characteristic. Phar- 
maceutical compounds with a similar hydrophilic char- 
acteristic are readily attached to the hydrophilic grafts. 
Increased loading of such compounds occurs with in- 
creased density of polyethylene glycol grafts, resulting 
in higher concentrations of the drug along the grafts. In- 
creased loading of such compounds also occurs with 
increased length of the grafts. 

[0014] The double bond in the rubbery mid-block of 
Kraton-OB> can be a result of hydroxy lation, and the hy- 
droxyl functional group can be further reacted with func- 
tional polymers to form graft polymers. When grafting 
with a biocompatible polymer such as polyethylene gly- 
col a further phase separation system results. The hy- 
drocarbon component of the backbone provides flexibil- 
ity and adhesion to metal. In addition, the backbone of 
the styrenic block copolymer can be an effective matrix 
for hydrophobic drug loading and releasing. 
[0015] By tailoring the grafted styrenic block copoly- 
mer, the concentration, distribution profile, and elution 
rates of bioactive agents or drugs can be controlled. The 
elution rate of the bioactive drug is usually predeter- 
mined based on chain length of the styrenic block co- 
polymer, the chain length of the polyethylene glycol 
grafts, the polyethylene glycol graft density, and the 
structure of the bioactive agents or drugs, among oth- 
ers. In an exemplary embodiment of the current inven- 
tion, the grafted styrenic block copolymers are oriented 
on a stent framework such that the predominantly hy- 
drophilic grafts are outwardly directed towards the sur- 
face of the stent coating, whereas the predominantly hy- 
drophobic main chain is nearer to the stent framework. 
This phase separation configuration typically results in 
higher elution rates for hydrophilic drugs near the pe- 
riphery of the coated stent, and slower elution rates for 
more hydrophobic drugs near the metal-coating inter- 
face. 

[0016] In cases where the grafted styrenic block co- 
polymer provides inadequate adhesion to the underly- 
ing metallic stent framework, an intermediate primer 
coating or adhesion layer is often incorporated between 
the drug-polymer coating and the stent framework. 
[0017] One embodiment of the present invention is a 
system for treating heart disease, various cardiovascu- 
lar ailments, and other vascular conditions using cathe- 
ter-deployed endovascular stents with tailored polymer- 
ic coatings for controlling the timed-release properties 
of interdispersed bioactive agents and drugs. Treating 
vascular conditions refers to the prevention orcorrection 
of various ailments and deficiencies associated with the 



cardiovascular system, urinogenital systems, biliary 
conduits, abdominal passageways and other biological 
vessels within the body. 

[0018] One embodiment of the system for treating a 
5 vascular condition, in accordance with the present in- 
vention, is illustrated in FKa. 1 at 100. In this embodi- 
ment, vascular condition treatment system 100 includes 
a catheter 1 1 0, a stent 1 20 coupled to the catheter, and 
a drug-polymer coating 1 22 on the stent or stent frame- 
to work. Drug-polymer coating 1 22 includes a grafted sty- 
renic block copolymer, and one or more bioactive agents 
dispersed throughout the coating. The bioactive agent 
is a pharmacologically active drug or bioactive com- 
pound. The grafted styrenic block copolymer controls 
is the elution rates of the bioactive agents, and provides a 
controlled drug-elution characteristic for each bioactive 
agent or drug. Drug elution refers to the transfer of the 
bioactive agent out from drug-polymer coating 1 22. The 
elution is determined as the total amount of bioactive 
20 agent excreted out of drug-polymer coating 1 22, typical- 
ly measured in units of weight such as micrograms, or 
in weight per peripheral area of the stent, in one embod- 
iment, the polymeric coating includes between 0.5 per- 
cent and 50 percent of the bioactive agent of drug by 
25 weight. 

[0019] Upon insertion of catheter 110 and stent 120 
with drug-polymer coating 122 into a directed vascular 
region of a human body, stent 120 may be expanded by 
applying pressure to a suitable balloon inside the stent, 
30 or by retracting a sheath to allow expansion of a self- 
expanding stent. Balloon deployment of stents and self- 
expanding stents are well known in the art. Catheter 1 1 0 
may include the balloon used to expand stent 1 20. Cath- 
eter 1 1 0 may include a sheath that retracts to allow ex- 
35 pansion of a self-expanding stent. 

[0020] FIG. 2 shows an illustration of a stent cross- 
section containing a drug-polymer coating on the stent 
surface , in accordance with the present invention at 200 . 
Drug-polymer coated stent 200 includes a drug-polymer 
40 coating 222 and an optional primer coating 224 dis- 
posed on a stent framework 226. Drug-polymer coating 
222 includes a grafted styrenic block copolymer forming 
a polymeric matrix, with a bioactive drug dispersed with- 
in the matrix. Drug-polymer coating 222 may contain 
45 one or more pharmaceutical drugs or bioactive agents. 
Drug-polymer coating 222 may contain a polymeric ma- 
trix in which one or more bioactive agents are interdis- 
persed. 

[0021] Stent framework 226 typically includes a me- 
50 tallic or a polymeric base. The metallic base comprises 
a metal such as stainless steel, nitinol, tantalum, MP35N 
alloy, platinum, titanium, a suitable biocompatible alloy, 
a suitable biocompatible material, or any combination 
thereof. The polymeric base material is any suitable pol- 
55 ymer for biomedical stent applications, as is known in 
the art. 

[0022] Exemplary drug-polymer coated stent 200 in- 
cludes one or more polymeric coatings on stent frame- 
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work 226. A barrier coating, adhesive coating or primer 
coating 224 can be positioned between drug-polymer 
coating 222 and stent framework 226 to improve the ad- 
hesion of the drug-polymer coating and its durability. 
Primer coating 224 may be a polymeric material or any 
material that adheres well to the underlying stent, par- 
ticularly a metallic stent. Primer coating 224 is selected 
to adhere well to the stent and to be readily coated with 
another polymeric material such as the drug-polymer 
coating. Primer coating 224 may be any suitable poly- 
meric primer material such as parylene, polyurethane, 
phenoxy, epoxy, polyimide, polysulfone, or pellathane. 
[0023] Drug-polymer coating 222 may have a pre- 
dominantly hydrophobic characteristic along the back- 
bone of the block copolymer to improve metal adhesion 
and, in some cases, to enhance the elution of embedded 
bioactive material. Drug-polymer coating 222 may also 
have a hydrophilic characteristic associated with the 
grafts attached to the backbone. A relatively hydropho- 
bic characteristic usually slows or mitigates the elution 
of the bioactive agents and polymeric material into the 
body, whereas a relatively hydrophilic characteristic typ- 
ically has a high elution rate of the bioactive agents. The 
combination of hydrophobic and hydrophilic aspects of 
the grafted styrenic block copolymer coating provides 
controllable elution rates for bioactive material with in the 
drug-polymer coating. 

[0024] Drug-polymer coating 222 includes one or 
more bioactive drugs or agents. The bioactive agents 
provide treatment or prevention of one or more condi- 
tions including coronary restenosis, cardiovascular res- 
tenosis, angiographic restenosis, arteriosclerosis, hy- 
perplasia, and other diseases and conditions. For ex- 
ample, the bioactive agent can be selected to inhibit or 
prevent vascular restenosis, a condition corresponding 
to a narrowing or constriction of the diameter of the bod- 
ily lumen where the stent is placed. In one embodiment, 
the bioactive drug comprises an antirestenotic agent. In 
another embodiment, the bioactive drug comprises a bi- 
oactive agent such as an antisense agent, an antineo- 
plastic agent, an antiproliferative agent, an antrthrombo- 
genic agent, an anticoagulant, an antiplatelet agent, an 
antibiotic, an anti-inflammatory agent, a steroid, a gene 
therapy agent, a therapeutic substance, an organic 
drug, a pharmaceutical compound, a recombinant DNA 
product, a recombinant RNA product, a collagen, a col- 
lagenic derivative, a protein, a protein analog, a saccha- 
ride, and a saccharide derivative. In another embodi- 
ment, drug-polymer coating 222 includes a combination 
of pharmaceutical drugs. 

[0025] A number of pharmaceutical drugs have the 
potential to be used in drug-polymer coatings. For ex- 
ample, an antirestenotic agent such as rapamycin or ra- 
pamycin derivatives prevents or reduces the recurrence 
of narrowing and blockage of the bodily vessel. An an- 
tisense drug works at the genetic level to interrupt the 
process by which disease-causing proteins are pro- 
duced. An antineoplastic agent is typically used to pre- 



vent, kill, or block the growth and spread of cancer cells 
in the vicinity of the stent. An antiproliferative agent may 
prevent or stop targeted cells orcell types from growing. 
An antithrombogenic agent actively retards blood clot 

5 formation. An anticoagulant often delays or prevents 
blood coagulation with anticoagulant therapy, using 
compounds such as heparin and coumarins. An an- 
tiplatelet agent may be used to act upon blood platelets, 
inhibiting their function in blood coagulation. An antibi- 

10 otic is frequently employed to kill or inhibit the growth of 
microorganisms and to combat disease and infection. 
An ant i? inflammatory agent such as dexamethasone 
can be used to counteract or reduce inflammation in the 
vicinity of the stent. At times, a steroid is used to reduce 

w scar tissue in proximity to an implanted stent. A gene 
therapy agent may be capable of changing the expres- 
sion of a person's genes to treat, cure or ultimately pre- 
vent disease. 

[0026] By definition, a bioactive agent is any there- 
to peutic substance that provides prevention or treatment 
of disease or disorders. An organic drug is any small- 
molecule therapeutic material. A pharmaceutical com- 
pound is any compound that provides a therapeutic ef- 
fect. A recombinant DNA product or a recombinant RNA 
25 product includes altered DNA or RNA genetic material. 
Bioactive agents of pharmaceutical value may also in- 
clude collagen and other proteins, saccharides, and 
their derivatives. The molecular weight of the bioactive 
agent typically ranges from 200 to 60,000 Dalton and 
30 above. 

[0027] Drug-polymer coating 222 elutes at least one 
bioactive agent. Drug-polymer coating 222 may include 
and elute multiple bioactive agents. Drug-polymer coat- 
ing 222 can be tailored to control the elution of one or 
35 more bioactive agents primarily by diffusion processes. 
In some cases, a portion of the polymeric coating is ab- 
sorbed into the body to release bioactive agents from 
within the coating. 

[0028] Drug-polymer coating 222 contains a grafted 

40 styrenic block copolymer wherein the grafted styrenic 
block copolymer comprises a styrenic block copolymer 
grafted with polyethylene glycol. The structure of the 
grafted styrenic block copolymer controls the elution 
rate of the bioactive drugs, and the structure of the graft- 

45 ed styrenic block copolymer may be selected to achieve 
predetermined elution rates of various bioactive agents 
and drugs interdispersed within the polymer-drug coat- 
ing. Modification of the styrenic blockcopolymer allows, 
for example, rapid delivery of a pharmacologically active 

so drug or bioactive agent within twenty-four hours of sur- 
gery, with a slower, steady delivery of a secondbioactlve 
agent over the next three to six months. 
[0029] Drug-polymer coating 222 may include a plu- 
rality of drugs, each drug having a predetermined elution 

55 rate. The structure of the pegylated styrenic block co- 
polymer may be selected to elute the drugs at the pre- 
determined elution rates. The pegylated styrenic block 
copolymer matrix disposed on the stent framework may 
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have both a hydrophobic and a hydrophilic characteris- 
tic, the hydrophobic characteristic being more pro- 
nounced adjacent to the stent framework, and the hy- 
drophilic characteristic being more pronounced adja- 
cent to the outer surface of the drug-polymer coating. In 
one embodiment, a first bioactive drug having a hydro- 
phobic characteristic is concentrated adjacent the stent 
framework, and a second bioactive drug having a hy- 
drophilic characteristic is concentrated adjacent the out- 
er surface of the drug-polymer coating . For example, the 
first bioactive drug may comprise an antirestenotic drug 
such as rapamycin or a rapamycin derivative. The sec- 
ond bioactive drug may comprise an anti-inflammatory 
drug such as dexamethosone. 

[0030] FIG. 3 shows a schematic illustration of a graft- 
ed styrenic block copolymer, in accordance with the 
present invention at 300. Grafted styrenic block copol- 
ymer 300 has a styrenic block polymer main chain with 
two end-blocks 310 and 330, a mid-block 320, and pol- 
ymeric grafts 340. End-blocks 310 and 330 are vinyl ar- 
omatics such as styrene, and mid-block 320 comprises 
a hydrogenated diene. The hydrogenated diene can be 
saturated or unsaturated. Grafted styrenic block copol- 
ymer 300 may comprise a main chain of styrene-ethyl- 
ene/butylene-styrene, where the ethylene/butylene is a 
random copolymer linear chain. Another example of a 
grafted styrenic block copolymer with a saturated mid- 
block along the polymer main chain is styrene-ethylene/ 
propylene-styrene, where the ethylene/propylene rep- 
resents a linear copolymer chain between two end- 
blocks of styrene. Grafted styrenic block copolymer 300 
may comprise vinyl aromatic end-blocks 310 and 330 
with an unsaturated diene along the main chain, such 
as styrene-butadiene-styrene or styrene-isoprene-sty- 
rene. The styrenic block copolymer may have a molec- 
ular weight between 200 Daltons and 200,000 Daltons, 
depending on the length of the block copolymer and the 
desired elution characteristics. 
[0031] Grafted styrenic block copolymer 300 includes 
one or more side grafts attached along the main chain. 
The grafts are formed from polyethylene glycol, and may 
have a molecular weight between 500 Daltons and 
500,000 Daltons depending on the length of the graphs 
and the desired elution characteristics. 
[0032] The grafted styrenic block copolymer disposed 
on the stent framework provides a controlled drug-elu- 
tion characteristic, with a higher density of grafting cor- 
responding to a higher or lower drug-elution rate de- 
pending on the particular pharmaceutical compound. 
The length of the main chain also impacts the drug elu- 
tion rate and the relative amount of drug loading along 
the main chain, particularly with respect to pharmaceu- 
tical compounds with a lesser hydrophilic characteristic 
or a predominantly hydrophobic nature. 
[0033] FIG. 4 shows a graphical illustration of the elu- 
tion of two bioactive agents from a drug-polymer coated 
stent, in accordance with the present invention at 400. 
Elution graph 400 shows the elution of two drugs from 



a drug-polymer coated stent as a function of time. The 
elution of the bioactive agents is indicated as a percent- 
age by weight of total drug dispersed within the stent 
coating. Typical units used for drug elution include mi- 
5 crograms of drug. Alternatively, they can be normalized 
to a unit volume with units such as micrograms per cubic 
centimeter of drug-polymer, or normalized to the periph- 
ery area of the stent with units such as micrograms per 
square centimeter. The elution profile 410 of the first 
10 drug shows a high rate of drug delivery over an initial 
period of two days or so after stent deployment, with 
minimal drug eluted over the remainder of the month. 
The elution profile 420 of the second drug shows a slow 
initial rate of drug delivery, and steady delivery of the 
is drug over an extended period of time. The elution rates 
of the drugs are determined from a typical elution graph 
400 by taking the derivative with respect to time, or by 
dividing the total amount of drug eluted by the elapsed 
time since stent deployment. Selection of the appropri- 
20 ate drug, the chain length of the styrenic block copoly- 
mer, the chain length of the polyethylene glycol grafts, 
the polyethylene glycol graft density, and the method of 
preparation, among others, establish the elution profile 
of the bioactive agents. 
25 [0034] Another aspect of the current invention is a 
method of manufacturing a drug-polymer coated stent. 
FIG. 5 shows a flow diagram of one embodiment of a 
method of manufacturing a drug-polymer coated stent 
including a grafted styrenic block copolymer and one or 
30 more bioactive agents, in accordance with the present 
invention at 500. Drug-polymer coated stent manufac- 
turing method 500 comprises steps to form a drug-pol- 
ymer solution containing the grafted styrenic block co- 
polymers, and one or more drugs or pharmaceutical 
35 compounds. 

[0035] In this embodiment, a styrenic block copolymer 
such as Kraton-G® or Kraton-D® is dissolved in a 
pegylated styrenic block copolymer solvent to form a 
polymeric solution, as seen at block 510. The styrenic 
40 block copolymer has a molecular weight, for example, 
between 200 Daltons and 200,000 Daltons. The solvent 
may be any suitable organic solvent capable of dissolv- 
ing the styrenic block copolyer such as chloroform, tet- 
rahydrofuran, methyl chloride, toluene, ethyl acetate, or 
45 dioxane. 

[0036] Polyethylene glycol is added to the polymeric 
solution to form a polymeric solution of styrenic block 
copolymer and polyethylene glycol, as seen at block 
520. The polyethylene glycol may be added directly to 
so the polymeric solution. Alternatively, the polyethylene 
glycol may be dissolved in a suitable organic solvent 
such as chloroform, tetrahydrofuran, methyl chloride, 
toluene, ethyl acetate or dioxane, and then mixed with 
the styrenic block copolymer solution to form the poly- 
55 meric solution. The polyethylene glycol has a molecular 
weight, for example, between 500 Daltons and 500,000 
Daltons. The molecular weight of the polyethylene gly- 
col and the concentration of the polyethylene glycol in 
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solution combine with the molecular weight of the sty- 
renic block copolymer and the concentration of the sty- 
renic block copolymer to provide a controlled drug-elu- 
tion characteristic, and may be selected to provide a pre- 
determined elution rate for each of the bioactive drugs. 
[0037] Ah aliquot of maleic anhydride may be added 
to the polymeric solution to initiate formation of the pol- 
ymeric grafts, as seen at block 530. A polymeric initiator 
such as maleic anhydride may be used to react with the 
butylene, propylene, or other backbone groups along 
the styrenic block copolymer to open bond sites for the 
grafting of the polyethylene glycol. 
[0038] The polyethylene glycol reacts with the styren- 
ic block copolymer to form polymeric grafts on the main 
chain, as seen at block 540. The polyethylene glycol 
grafts may randomly occur along the main chain, or may 
align themselves preferentially along hydroxy! groups 
distributed along the main chain. 
[0039] One or more bioactive agents are mixed with 
the polymeric solution to form a drug-polymer solution, 
as seen at block 550. The bioactive agents may be add- 
ed directly into the polymeric solution and mixed to form 
the drug-polymer solution. Alternatively, the bioactive 
agents may be dissolved in a bioactive agent solution 
comprising a suitable solvent, then mixed with the pol- 
ymeric solution to form the drug-polymer solution. In ei- 
ther case, a suitable amount of bioactive agent or drug 
is added to the drug-polymer solution. Sufficient bioac- 
tive agents are added to achieve the desired pharma- 
ceutical intent when deployed. The drug constituency 
within the drug-polymer coating is usually between 0.5 
percent and 50 percent of the bioactive drug by weight. 
{0040] The drug-polymer solution is then applied to 
the stent framework and dried, as seen at block 560. 
The drug-polymer solution is applied by using an appli- 
cation technique such as dipping, spraying, painting or 
brushing. The drug-polymer solution may be dried by 
evaporating the solvent after application. The drying 
may be performed at room temperature and under am- 
bient conditions. A nitrogen environment or other con- 
trolled environment may also be used. Alternatively, the 
drug-polymer solution can be dried by evaporating the 
majority of the solvent at room temperature, and further 
drying the solution in a vacuum environment between 
room temperature of about 25 degrees centigrade and 
45 degrees centigrade or higher to extract any pockets 
of solvent buried within the drug-polymer coating. 
[0041] The thickness of the drug-polymer coating can 
vary, though is typically between 0.5 microns and 20 mi- 
crons. Depending on the diameter and length of the 
stent, the weight of the drug-polymer coating is usually 
between 50 micrograms and 1500 micrograms for a 
range of stent sizes. Additional coats may be added to 
thicken the drug coating or to increase the drug dosage, 
if needed. 

(0042] A barrier coating or a primer coating may be 
disposed on the stent framework prior to coating with 
the drug-polymer to improve adhesion, particularly to 



metal stents such as stainless steel. The primer coating 
is any suitable primer material such as parylene, poly- 
urethane, phenoxy, epoxy, polyimide, polysulfone, pel- 
lathane, or a suitable polymeric primer material. 
[0043] Variants of the method for manufacturing a 
drug-polymer coated stent can be used, such as mixing 
the constituents into the same solution, using different 
solvents for each component, or altering the order of 
mixing stock solutions of each of the constituents. 
[0044] Another aspect of the present invention is a 
method of treating a vascular condition. FIG. 6 shows a 
flow diagram of one embodiment of a method of treating 
a vascular condition, in accordance with the present in- 
vention at 600. 

[0045] In this embodiment, one or more bioactive 
agents or drugs are selected along with the molecular 
weight of the grafts, the graft density along the main 
chain, and the molecular weight of the main chain. The 
structure of the grafted styrenic block copolymer is se- 
lected to achieve an intended pharmaceutical intent 
such as a predetermined elution rate of each bioactive 
agent, as seen at block 61 0. 

[0046] A drug-polymer coated stent is fabricated with 
the selected grafted styrenic block copolymer and bio- 
active agents, as seen at block 620. The stent is suitably 
cleaned, primed with a suitable primer coating if needed, 
and coated with the drug-polymer coating. The drug-pol- 
ymer coating includes a bioactive agent and a pegylated 
styrenic block copolymer In this exemplary method, the 
coated stents are reduced in diameter and placed into 
the distal end of the catheter. The process forms an in- 
terference fit, which secures the stent onto the-catheter. 
The catheter with the stent may be placed in a catheter 
package and sterilized prior to shipping and storing. 
Sterilization of the stent using conventional means is 
typically completed before clinical use. 
[0047] When ready for deployment, the drug-polymer 
coated stent including the bioactive agents and the 
grafted styrenic block copolymer is inserted into a vessel 
of the body, as seen at block 630. The drug-polymer 
coated stent is inserted typically in a controlled environ- 
ment such as a catheter lab or hospital. The stent is de- 
ployed, for example, by expanding the stent with a bal- 
loon or by extracting a sheath to allow a self -expandable 
stent to enlarge after positioning the stent at the desired 
location within the body. 

[0048] Once deployed, the drug-polymer coating 
elutes the bioactive agents into the body and particularly 
into the tissue bed surrounding the stent framework, as 
seen at block 640. The elution rates of the bioactive 
agents into the body are based on the structure of the 
grafted styrenic block copolymer, among other factors. 
[0049] Although the present invention applies to car- 
diovascular and endovascular stents with timed-release 
pharmaceutical drugs, the use of grafted styrenic block 
copolymers in polymer-drug coatings and polymer coat- 
ings may be applied to other implantable and<blood<con- 
tacting biomedical devices such as coated pacemaker 
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leads, microdelivery pumps, feeding and delivery cath- 
eters, heart valves, artificial livers and other artificial or- 



Clalms 

1 . A drug-polymer coated stent (1 20), comprising: 

a stent framework; and 

a drug-polymer coating (122) disposed on the 
stent framework, wherein the drug-polymer 
coating comprises a styrenic block copolymer 
grafted with polyethylene glycol; and 
a bioactive drug dispersed within the drug-pol- 
ymer coating. 

2. The stent of claim 1 wherein the stent framework 
comprises one of a metallic base or a polymeric 
base. 

3. The stent of claim 2 wherein the stent framework 
comprises a metallic base, selected from the group 
consisting of stainless steel, nitinol, tantalum, 
MP35N alloy, platinum, titanium, a suitable biocom- 
patible alloy, a suitable biocompatible material, and 
a combination thereof. 

4. The stent of claim 1 , 2 or 3 wherein the grafted sty- 
renic block copolymer comprises a chain length of 
the styrenic block copolymer, a chain length of the 
polyethylene glycol grafts, and a polyethylene gly- 
col graft density based on a predetermined elution 
rate of the bioactive drug. 



5. The system of claim 1 wherein the pegylated sty- 
renic block copolymer matrix comprises a styrenic 
block copolymer and polymeric grafts of polyethyl- 
ene glycol. 

6. The stent of any preceding claim wherein the sty- 
renic block copolymer has a molecular weight be- 
tween 200 Daltons and 200,000 Daltons. 

7. The stent of claim 5 wherein the polymeric grafts 
have a molecular weight between 500 Daltons and 
500,000 Daltons. 

8. The stent of claim 5 wherein the pegylated styrenic 
block copolymer matrix provides a controlled drug- 
elution characteristic. 

9. The stent of any preceding claim wherein the drug- 
polymer coating comprises between 0.5 percent 
and 50 percent of the bioactive agent by weight. 

10. The stent of any preceding claim wherein the drug- 
polymer coating has a thickness between 0.5 mi- 



crons and 20 microns. 

11 . The stent of any preceding claim wherein the drug- 
polymer coating has a weight between 50 micro- 

5 grams and 1500 micrograms. 

12. The stent of any preceding claim wherein the bio- 
active agent comprises an antirestenotic drug. 

10 13. The stent of any preceding claim wherein the bio- 
active agent is selected from a group consisting of 
an antisense agent, an antineoplastic agent, an an- 
tiproliferative agent, an antithrombogenic agent, an 
anticoagulant, an antiplatelet agent, an antibiotic, 

is an anti-inflammatory agent, a steroid, a gene ther- 
apy agent, a therapeutic substance, an organic 
drug, a pharmaceutical compound, a recombinant 
DNA product, a recombinant RNA product, a colla- 
gen, a collagenic derivative, a protein, a protein an- 

20 alog, a saccharide, and a saccharide derivative. 

14. The stent of any preceding claim wherein the drug- 
polymer coating comprises a plurality of drugs, 
each drug having a predetermined elution rate, the 

25 pegylated styrenic block copolymer matrix eluting 
the drugs at the predetermined elution rates. 

15. The stent of any preceding claim wherein the 
pegylated styrenic block copolymer matrix dis- 

30 posed on the stent framework has a hydrophobic 
characteristic and a hydrophilic characteristic, the 
hydrophobic characteristic being more pronounced 
adjacent the stent framework, and the hydrophilic 
characteristic being more pronounced adjacent an 

35 outer surface of the drug-polymer coating. 

16. The stent of claim 15 wherein a first bioactive drug 
having a hydrophobic characteristic is concentrated 
adjacent the stent framework, and a second bioac- 

40 tive drug having a hydrophilic characteristic is con- 
centrated adjacent the outer surface of the drug- 
polymer coating. 

17. The stent of claim 16 wherein the first bioactive drug 
comprises an antirestenotic drug and the second bi- 
oactive drug comprises an anti-inflammatory drug. 

1 8. The stent of any preceding claim further comprising: 

a primer coating (224) disposed on the stent 
framework (226) between the stent framework 
and the drug-polymer coating (222). 

19. The stent of claim 1 8 wherein the primer coating is 
55 selected from the group consisting of parylene, 

polyurethane, phenoxy, epoxy, polyimide, polysul- 
fone, pellathane, and a suitable polymeric primer 
material. 
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20. A system for treating a vascular condition, compris- 
ing: 

a catheter (110); and 

a stent as claimed in any preceding claim cou- 5 
pled to the catheter. 

21. The system of claim 20 wherein the catheter in- 
cludes a balloon used to expand the stent. 

10 

22. The system of claim 20 or 21 wherein the catheter 
includes a sheath that retracts to allow expansion 
of the stent. 

23. A method of manufacturing a drug-polymer coated is 
stent, comprising: 

forming a polymeric solution including a styren- 
ic block copolymer and a pegylated styrentc 
block copolymer solvent; 
adding polyethylene glycol to the polymeric so- 
lution to form polymeric grafts of polyethylene 
glycol along the styrenic block copolymer; 
mixing at least one bioactive agent with the pol- 
ymeric solution to form a drug-polymer solution ; 
applying the drug-polymer solution onto a stent 
framework; and 

drying the drug-polymer solution. 

24. The method of claim 23 wherein the pegylated sty- 30 
renic block copolymer solvent is selected from the 
group consisting of chloroform, tetrahydrofuran, 
methyl chloride, toluene, ethyl acetate, dioxane, 
and a suitable organic solvent. 

35 

25. The method of claim 23 or 24 further comprising: 

addi ng an aliquot of maleic anhydride to the pol- 
ymeric solution to initiate formation of the poly- 
meric grafts. 40 

26. The method of claim 23, 24 or 25 wherein the drug- 
polymer solution is applied using an application 
technique selected from the group consisting of dip- 
ping, spraying, painting, and brushing. 45 

27. The method of claim 23 to 26 wherein the drug-pol- 
ymer solution is dried in a vacuum environment. 

28. The method of any of claims 23 to 27 wherein the so 
drug-polymer solution is dried at a temperature be- 
tween 25 degrees centigrade and 45 degrees cen- 
tigrade. 
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FIG. 3 
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FIG. 5 
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FIG. 6 
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